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ABSTRACT
Molecularly imprinted polymers (MIPs) are an important class of selective materials for molecular
specific sensors and separations.

Molecular imprinting using non-covalent interactions in aqueous

conditions still remains a difficult challenge due to interrupution of hydrogen-bonding or electrostatic
interactions water. Newly developed crosslinking ionic liquids are demonstrated herein to overcome
problems of synthesizing aqueous MIPs, adding to previous examples of ionic liquids used as monomers
in non-aqueous conditions or used as MIP solvents. Vinylimidazole ionic liquid crosslinkers were
synthesized and subsequently explored as matrix supports for fabrication of molecularly imprinted
polymeric nanoGUMBOS (nanoparticles derived from a group of uniform materials based on organic
salts). Each of the four crosslinkers incorporated a unique functional spacer between the vinylimidazole
groups, and the performance of the corresponding molecularly imprinted polymers was evaluated using
chiral recognition as the diagnostic. High uptake values for L-tryptophan were found in the 13-87 umol/g
range; and chiral recognition was determined via binding ratios of L-tryptophan over D-tryptophan that
ranged from 5:1 to 13:1 for polymers made using different crosslinkers. Not only are these materials good
for chiral recognition, but the results highlight the utility of these materials for imprinting aqueous
templates such as biological targets for theranostic agents.
Keywords: polymeric ionic liquids, nanoGUMBOS, aqueous molecular imprinting, chiral recognition,
chiral amino acids, ionic liquid crosslinkers
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INTRODUCTION

Ionic liquids (ILs) are molten salts which possess a range of relatively low melting points due to
inefficient packing of bulky cations and small anions (or vice versa) [1],[2]. ILs show interesting
physical and chemical properties such as low volatility, chemical stability, and high conductivity
[1], [3]; and can be tailored by molecular design of either the anionic or cationic component for
task-specific functions [4],[5]. An emerging class of solid phase materials based on tunable ionic
liquid chemistry, collectively referred to as GUMBOS (group of uniform materials based on
organic salts), has been demonstrated as capable of forming nanoparticles (nanoGUMBOS) with
magnetic, fluorescent, pH sensitive, and anticancer properties [6-15]. To combine one or more of
these properties into nanoparticle based theranostic agents, incorporation of a molecular
recognition element using the method of molecular imprinting was investigated for formation of
nanoGUMBOS molecularly imprinted polymers (referred to as NGMIPs) [16],[17].
Scheme 1 outlines the methodology envisioned for molecular imprinting of nanoGUMBOS,
which begins with formation of a pre-polymer complex of interactive monomers with the target
compound. The complex is subsequently polymerized to immobilize the positions of the
interactive monomers within the surrounding polymer matrix. Removal of the template produces a
shape selective binding cavity lined with interactive functional groups in a complementary array
within the cavity [18]. An advantage of using polymerizable ionic liquids is the ability to perform
the molecular imprinting process in aqueous media, which has only shown a few successes to date

[19] and even fewer examples of chiral recognition [20-26] (arguably the most challenging test of
molecular recognition).

Scheme 1. Outline of the molecular imprinting method using crosslinking ionic liquids.

This study reports on the development of molecularly imprinted polymeric nanoGUMBOS
directed toward molecular recognition of chiral amino acids using ionic liquid crosslinking

monomers. A series of crosslinking ionic liquid monomers with different molecular spacers was
synthesized [27-31] and used in this study for molecular imprinting with L-tryptophan (L-Trp) as
the target compound. For this study, the ionic-liquid crosslinker was the only component of the
final imprinted polymer (the template is removed), a strategy that has been shown to improve
molecularly imprinted polymer (MIP) performance in systems that use crosslinkers that do not
incorporate the ionic-liquid moieties.[32-34].To date, the utility of crosslinking ionic liquids for
molecular imprinting has not been reported; however, imprinting with a non-ionic liquid
crosslinking monomer has been shown to improve molecularly imprinted polymer (MIP)
performance in other systems [32-34]. The enantiomer discrimination of chiral imprinted
nanoGUMBOS synthesized with different crosslinkers was compared and correlated with the
molecular structure of the crosslinkers.

EXPERIMENTAL SECTION
Materials
Ionic liquids and GUMBOS used in this study were received from the laboratories of Dr.
Douglas Gin and Dr. Richard D. Noble at the University of Colorado, Boulder [27-31]. Triton X-100
(TX-100), sodium bis(2-ethylhexyl) sulfosuccinate (NaAOT), L- tryptophan (L-Trp), D-tryptophan (DTrp), as well as the initiator 2,2′-Azobis(2-methylpropionamidine) dihydrochloride (AAPH) were
purchased from Sigma Aldrich (St. Louis, MO) and used as received. Ultrapure water (18.2 MΩ cm) was
obtained from an Elga Model model PURELAB ultra water filtration system.
Methods
Nuclear Magnetic Resonance (NMR) Spectroscopy.

1

H-NMR experiments were performed by

dissolving the polymerizable monomers in deuterated dimethylsulfoxide DMSO. The spectra (Fig. S1)
were obtained using a Bruker AV-400 liquid instrument (Billerica, MA) that operates at 400 MHZ. For
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F-NMR, the studies on the monomers were performed on Bruker AVIII-400-Nanobay (AVB 400)

instrument (Billerica, MA).

Fourier Transform Infrared Spectroscopy (FTIR). The polymerized non-imprinted nanoGUMBOS
which were suspended in an aqueous medium, were lyophilized. The formed pellet made of nanoparticles
and surfactant was deposited on an ATR cell in a Bruker Tensor 27 instrument (Billerica, MA). The
background signal of the surfactant was subtracted from the sample spectrum.
Transmission Electron Microscopy (TEM). TEM micrographs were obtained using a JEOL JEM-1011
TEM (München, Germany). An 8 μL volume of sample was spotted onto ultrathin carbon coated 400mesh Ted Pella, Inc TEM grids (Redding, CA). The grids were mainly washed with water to avoid any
unwanted adsorption of unpolymerized monomers and surfactant.
Fluorescence Spectroscopy. Fluorescence measurements were performed using a Fluorolog-3
fluorometer (HORIBA Scientific, Edison, NJ) at a right angle detection. The quartz sample cuvette was
purchased from Starna Cells (Atascadero, CA) and had a 0.4 cm path length.
Procedures
Anion Exchange. The bis(trifluoromethylsulfonyl)amide ([NTf2]) anion of polymerizable monomers
was exchanged with chloride [Cl] anion using an ion exchange resin. In a separation column, Dowex 1x8
chloride form (purchased from Sigma Aldrich) was packed and rinsed with 0.1 M aqueous solution of
sodium chloride. After flushing the column with deionized water, the monomers which were dissolved in
50:50 methanol:water (or acetonitrile:water for benzene monomer), were loaded on the column and eluted
with water. The eluted samples were then spotted on a thin layer chromatography plate. Presence of the
product was detected by appearance of a dark spot upon illumination with ultraviolet light. Water was
removed by lyophilizing the samples. 19F-NMR of the final product showed the disappearance of fluorine
peak, which confirmed that ion exchange took place.
Synthesis of Non-Imprinted NanoGUMBOS Using UV-initiated Polymerization. For UV-initiated
polymerization, 0.1 mL of monomeric aqueous solution (0.1 M) and 5 mL of TX-100 aqueous surfactant
solution (0.02 M) were mixed under magnetic stirring. Ultimately, 0.2 mL of 0.005 M aqueous AAPH
solution was added to the mixture. After 30 minutes of magnetic stirring, the sample was purged with
nitrogen and then exposed to UV light for 8 hours.

Imprinting Procedure: Synthesis of the NGMIPs. To imprint the nanoGUMBOS with the chiral amino
acid L-tryptophan, 0.26 mg of L-tryptophan was added to the surfactant solution (described earlier) prior
to UV-initiated polymerization. After polymerization, 1 mL of the polymerized sample was centrifuged
for 30 minutes at 14000 rpm speed (procedure performed in triplicate). To determine the theoretical
number of binding sites created in the NGMIPs, samples were obtained from the supernatant and
subsequent fluorescence measurement of supernatant gave the amount of free L-tryptophan that was not
encapsulated into the polymeric matrices. The difference between the original amount of tryptophan and
that found in the supernatant is recorded as the amount of tryptophan bound to the NGMIP sample, and
represents the number of theoretical sites (maximum uptake) created inside the polymeric matrix (Fig.
S2). To remove

L-tryptophan from the cavities of synthesized nanoparticles, the NGMIPs were

suspended in 1 mL of fresh water and dialyzed against deionized water using a Float-A-Lyzer obtained
from spectrum laboratories (Irving, TX). The release of L-Trp was monitored by measuring the
fluorescence of the dialysate over time (Fig. S3). The dialysis medium was changed initially each 4 hours
and then each day for a period of two weeks.
Recognition Studies. After template removal, quantitative evaluation of tryptophan rebinding to the
NGMIPs was performed by adding a solution of L- or D-tryptophan to the nanoGUMOS particles
resuspended in water. An amount of tryptophan equal to the maximum uptake capacity (Fig. S2) was
added to each aliquot of nanoGUMBOS suspensions (500 μL each). After vortexing followed by
incubation for 20 hrs on a shaker platform, the particles were removed by centrifugation and the
supernatant analyzed by fluorescence to determine the amount of L- and D-tryptophan unbound. The
measurements were compared to controls of L- and D-tryptophan representing the initial amount added to
the nanoparticles. The amount of L- or D-tryptophan recognized is obtained by calculating the difference
between the integrated surface areas of fluorescence spectra.

RESULTS AND DISCUSSION

Four different crosslinking ionic liquids distinguished by unique functional group spacers
between the vinylimidazolium groups were investigated (Fig. 1) [27-31]. The different
crosslinkers are referenced by the chemical structures as follows: benzene-based monomer (1),
(PEG)-based monomer (2), alkane-based monomer (3), and alkyne-based monomer (4). The
[NTf2] counterions of the synthesized crosslinker were exchanged with Cl - using an anion
exchange column to render the compounds hydrophilic for aqueous imprinting [35]. The absence
19

of the fluorine peak in

F-NMR confirmed that NTf2 anions were fully exchanged

with Cl- (Fig. S4).

Fig. 1. Structures of polymerizable crosslinkers: (1) benzene-based monomer, (2) (PEG)-based
monomer, (3) alkane-based monomer, and (4) alkyne-based monomer.
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(nanoGUMBOS non-imprinted polymers with the acronym NGNIP) in the absence of template was
carried out using the four different crosslinkers. The NGNIPs were synthesized by dispersion
polymerization of an aqueous solution using each of the four crosslinkers in the presence of Triton-X100
surfactant and 2,2′-Azobis(2-methylpropionamidine) dihydrochloride (AAPH) initiator under UV

photoinitiation. TEM micrographs obtained after polymerization confirm the formation of nanoGUMBOS
particles for each of the different crosslinkers (Fig. 2). As shown in TEM micrographs, the (PEG)- and
alkyne-based polymerized NGNIPs had smaller average sizes of 87 ± 10 nm and 44 ± 5 nm, respectively
(Fig. 2b and 2d). The two other polymerized NGNIPs had average sizes of 109 ± 16 nm for the alkanebased NGNIP and 118 nm ± 23 nm for the benzene-based NGNIP. FTIR spectra were obtained before
and after UV exposure of monomer
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Fig. 2. Transmission electron micrographs of non-imprinted nanoGUMBOS (NGNIPs) polymerized with
crosslinkers incorporating the following spacers: (a) benzene, (b) (PEG), (c) alkane, and (d) alkyne.

solutions. The surfactant peak was subtracted from the NGNIP spectra after the polymerization (Fig. 3).
The decrease or disappearance of the vibration peak at 3080 cm-1 (=CH2 stretch vibration) compared to
the standard peak at 1559 cm-1 confirms polymerization of the monomers [36]. Centrifugation of the

polymerized samples gave a solid pellet, shown in the photograph in supplementary information (Fig.
S5), which also confirmed polymerization.
Having established good protocols for the polymerization of NGNIPs, the ability to
imprint in these materials with L-tryptophan was explored. It is known from the literature that the
mole ratio of template to monomer is critical for eliciting the imprinting effect [37]. This is a
result of

Fig. 3. FTIR spectra of (a) benzene-, (b) (PEG)-, (c) alkane-, (d) alkyne-based monomers and
polymers (before and after irradiation respectively). The blue line represents the signal of
monomers and the red line represents the signal of polymeric nanoparticles. The peak at 1559 cm 1
is the standard peak which is used to compare the change in intensity of vibration peak at 3080
cm-1.

balancing the number of binding sites arising from non-covalent pre-polymer complexes that
increase with increased template concentration (via Le Châtelier’s principle), versus the quality of
binding sites that improves with a decrease of the template to monomer ratio. Preliminary studies
on the NGMIPs using the (PEG)-based monomer were performed using the same formulation as
the NGNIPs to compare template:monomer ratios of 1:6 and 1:8. After polymerization and
centrifugation, analysis by fluorescence of the supernatant indicated that 29% of the L-Trp
remained in the NGMIP with the template:monomer ratio 1:8, while 24% of the L-Trp remained
in the particles formulated with a ratio 1:6 (Fig. S6). Thus, NGMIPs were synthesized using the
1:8 template:monomer ratio for all further studies. The amount of initiator and the time of
photoinitiation were also optimized, arriving at a final procedure using 10 mol% initiator and an 8
hour period of UV illumination with a Hanovia medium pressure mercury arc lamp.

The

optimized formulation and procedure were subsequently used to synthesize NGMIPs using each
of the four different crosslinking ionic liquids. TEM micrographs of the NGMIPs provided in
Fig. 4 show that average sizes of imprinted particles increased significantly versus the nonimprinted particles (Fig. 2) for the benzene-based NGMIPs (294 nm ± 46 nm), PEG-based
NGMIPs (289 ± 117 nm), alkane-based NGMIPs (196 ± 37 nm), and alkyne-based NGMIPs (205
± 71 nm) in Fig. 4a-d respectively.
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Fig. 4. Transmission electron micrographs of imprinted nanoGUMBOS (NGMIPs) polymerized
with crosslinkers incorporating the following spacers: (a) benzene, (b) (PEG), (c) alkane, and (d)
alkyne.

The increased sizes for the NGMIPs must be due to inclusion of the tryptophan template, which
may be a result of changes in the surface tension characteristics from the equivalent polymers
shown in Fig. 2. After polymerization and centrifugation, the supernatants of each of the NGMIPs
were quantified by use of fluorescence spectroscopy to determine the amount of L-Trp that
remained in each of the particles, and estimate the maximum uptake capacity of the respective
NGMIPs (Fig. S2). Removal of the remaining L-Trp was carried out by dialysis over a two weeks
period, until the dialysate showed no change in fluorescence (Fig. S3). Fig. 5 shows a TEM
micrograph of the PEG-based NGMIPs after dialysis which appears to display a grainy structure
that could result from tryptophan removal. The greater aggregation of the dialyzed NGMIPs

versus the non-dialyzed NGMIPs (Fig. 4) is due to the removal of surfactant used in the initial
imprinting of the particles.

100 nm

Fig. 5. TEM of the PEG-based NGMIP particles shown in Fig. 4b after dialysis in deionized water for 2
weeks.
Rebinding of both enantiomers of tryptophan was analyzed in batch rebinding mode by
adding to the NGMIP particles a solution of tryptophan with the concentration matching the
maximum capacity determimed for each type of NGMIP (Fig. S2). After incubation with L- or
D-Trp, the particles were removed by centrifugation and the amount of tryptophan remaining in
the supernatant was measured by fluorescence (Fig. 6). The difference between the original
solution concentration and the amount remaining in the supernatant gives the amount of
tryptophan bound to the polymer, which is reported in Table 1 as the amount of tryptophan bound
per gram of each NGMIP. The binding capacities of the NGMIPs were found to be in the range
of 13 μmoles/g – 87 μmoles/g, which is approximately ten-fold higher in magnitude versus
traditionally formed MIPs [38],[39]. Two factors that may be responsible for the high capacity of
these materials is the strong binding of the cationic imidazolium group to the tryptophan

molecule, and the large number of these interactions possible because two equivalents of
imidazolium groups are incorporated for each monomer. The higher uptake value of the benzenebased nanomaterial (benzene-NGMIP) as compared to the other nanomaterials may be due to the
pi-stacking and/or induced dipole interactions with the aromatic L-Trp that increases the affinity
to these materials. This may also be true to some degree for the alkyne-NGMIP; however, the
sizeable uptake by the alkyne-NGMIP is overshadowed by its poor selectivity (vide infra). The
uptake by the alkane-NGMIP is a little lower due to the lack of pi-stacking interactions; and
considerably lower for the (PEG)-NGMIP. The (PEG)-NGMIP is unique in this group of
materials in the fact that it has glycol units that are hydrated by several water molecules per unit,
which may disrupt some of the polar interactions between tryptophan and the binding site
functionality in the (PEG)-NGMIP.
While binding affinity measured via the uptake by the NGMIPs is important, the greatest
advantage of the NGMIPs, and all molecularly imprinted polymers as adsorbents or sensor
materials, is the high level of molecular recognition possible for rebinding the template.
Furthermore, the most challenging test of molecular recognition by any material is differential
binding of enantiomers which differ only in their three dimensional configuration. In fact,
enantiorecognition has long been known as the best indicator for testing the imprinting effect,

Fig. 6. Fluorescence spectra showing the relative amount of L-Trp (a-d) or D-Trp (e-h) rebound to the
polymeric matrices. The red lines represent the amount of Trp in the incubation solution, and the blue line
represents the amount of Trp left in the supernatant after the polymer with adsorbed Trp was removed.
The difference between both spectra represents the amount of L-Trp rebound to the polymeric matrices,
and the data are reported in Table 1 as an average over three trials.

because the specific binding in MIPs arises from complementary three-dimensional binding
interactions. Therefore, enantiorecognition was evaluated for each of the NGMIPs by comparing
the binding uptake of both L- and D-Trp on the L-Trp imprinted particles (Table 1). As shown in
Table 1, all of the different NGMIP materials showed good chiral differentiation, with the
benzene-NGMIP exhibiting the highest enantiomer binding ratio seen by the ratio of 13:1 for
binding L-Trp over D-Trp. While the primary interactions of the crosslinkers with template are
inferred to occur with imidazolium moiety, secondary interactions are postulated to exist between
the aromatic spacer and the L-Trp template. The increased affinity and/or number of templatecrosslinker
the L-Trp template

contacts would provide more complementary interactions that are specific to

Table 1. Comparison of the uptake and enantiomer binding ratio of each NGMIP.*
Ionic Liquid
Crosslinker

BenzeneNGMIP

(PEG)NGMIP

AlkaneNGMIP

AlkyneNGMIP

L-Trp Rebinding
Uptake
(mmol/gram)

0.087 ± 0.029

0.013 ± 0.0038

0.042 ± 0.027

0.081 ± 0.0010

D-Trp Rebinding
Uptake
(mmol/gram)

0.0068 ± 0.0054

0.0019 ± 0.0011

0.0069 ± 0.0007

0.016 ± 0.0055

Enantiomer
binding ratio

13:1

7:1

6:1

5:1

*Error is reported as the standard deviation of the mean.

than the D enantiomer. This would account for the high chiral discrimination found for the
benzene-NGMIP where secondary interactions arise from pi-stacking of the benzene spacer with
the aromatic region of the L-Trp template. Enantiorecognition values are virtually the same for the
other three NGMIPs, indicating

that none of these spacer groups contribute significant

interactions with the template (L-Trp) beyond the imidazolium-template contacts.

CONCLUSIONS
Four crosslinking ionic liquids were employed in the synthesis of novel nanomaterials that were
successfully imprinted with the chiral template L-Trp under aqueous conditions. The fact that imprinting
was performed in water is significant because in spite of many reports of rebinding analyses by MIPs in
aqueous solutions, most of these examples do not perform the actual molecular imprinting process under
aqueous conditions, but rather in organic solvents. The reason for this is that the non-covalent molecular
imprinting technique relies on formation of pre-polymer complexes based on hydrogen-bonding and
weak-to-moderate ionic interactions which are severely disrupted in the presence of water [19], [40-43].

However, many desirable templates, especially those of biological origin, are only soluble in aqueous
matrices and cannot be adapted to organic soluble MIP methods. Thus, polymerizable ionic liquids are an
important class of monomers for imprinting these aqueous-soluble targets. A few examples of
molecularly imprinted polymers using non-crosslinking IL monomers have been published [44-49], and a
nice example has been recently published using macromolecularly functionalized imidazole monomers
[50]; however, there have not been any reports of chiral recognition using imprinted ionic liquids. Thus, a
chiral template was imprinted for this purpose using crosslinking ILs developed by the groups of Gin and
Noble that uniquely provide the necessary components to form nanoGUMBOS and simultaneously afford
for the crosslinking required in the molecular imprinting process. Four different crosslinking ionic liquids
were available with different functional groups as spacers between the vinylimidazolium groups, and the
corresponding NGMIPs from each of these was compared. All four NGMIPs provided the first examples
of enantiorecognition by molecularly imprinted polymeric ILs, indicating that multi-functional
nanoGUMBOS with specific molecular recognition can be effectively synthesized for theranostic
applications toward a spectrum of aqueous-based templates.
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